Several different fast-neutron based techniques are being studied for the detection of contraband substances in luggage and cargo containers. The present work discusses the accelerator requirements for fast-neutron transmission spectroscopy (FNTS), pulsed fast-neutron analysis (PFNA), and 14-MeV neutron interrogation. These requirements are based on the results of Monte-Carlo simulations of neutron or gamma detection rates. Accelerator requirements are driven by count-rate considerations, spatial resolution and acceptable uncertainties in elemental compositions. We have limited our analyses to luggage inspection with FNTS and to cargo inspection with PFNA or 14-MeV neutron interrogation.
I. INTRODUCTION
Fast-neutron interrogation techniques are being examined for detection of illicit substances, such as explosives and narcotics, in luggage and cargo containers. Fast-neutron techniques are attractive because they can beused to determine the concentrations of the light elements [hydrogen, carbon, nitrogen, and oxygen] which are the primary constituents of these materials. Explosives and drugs are characterized by elemental densities and density ratios that are different from most other substances likely to be found in legitimate cargo. This paper discusses two different fast-neutron techniques. The first uses an accelerator to produce nanosecond pulsed beams of deuterons that strike a target to produce a pulsed beam of neutrons with a continuum of energies. Elemental distributions are obtained by measuring the neutron spectrum after the source neutrons pass through the items being interrogated. This technique, first investigated by Overley [l] for bulk material analysis, is best suited for examination of luggage or small containers with transmissions greater than about 0.01. The second technique uses an accelerator or sealed-tube source to produce monoenergetic fast neutrons. The characteristic gamma rays emitted due to fast-or thermal-neutron interactions with the material being interrogated allow the determination of elemental densities. Two variations [2, 3] of this technique are considered here. This technique is suitable for examination of large containers because of the good penetration of the fast neutrons and the low attenuation of the high-energy gamma rays.
FAST-NEUTRON TRANSMISSION SPECTROSCOPY
Fast-Neutron Transmission Spectroscopy (FNTS) uses standard time-of-flight techniques to measure the energy spectrum of neutrons emitted from a collimated 'Be(d,n) continuum source before and after transmission through the sample. An unfolding algorithm determines the areal densities (density integrated along the line of sight, with units of number density per cm*), and the uncertainties, of the various elements present in the sample. Projection data from several angles are then reconstructed to provide two-dimensional images, one for each element, of a slice through the sample. The elemental reconstructions are then combined and processed through a detection algorithm. Only a few projections and coarse resolution are used to minimize interrogation time while still obtaining a reconstruction that provides enough separation between objects to maximize the success rate of an explosive detection algorithm. The use of this method as applied to explosive detection is discussed in Reference [4] .
The accelerator requirements for an FNTS system involve tradeoffs between many parameters, including: the accelerator energy (size), the time available for sample examination, maximum allowable detector count rates, spatial resolution required for adequate explosive detection, and neutron yield and spectrum versus deuteron energy. There are also limits on how well elemental densities can be determined at lower deuteron energies. In general, one would like to have as high a detector count rate as possible to minimize sample irradiation time, consistent with acceptable errors due to dead time and spectral distortion. This limits the detector count rate to about one-tenth of the accelerator pulse repetition rate. Given a detector count rate, one can then determine the required neutron source rate from the lefthand side of R /(O> <E>) = source n/s = S, AQ I, zp f where R = maximum detector count rate <T> = average transmission <E> = average detector efficiency S, = zero-degree neutron emission (n/sr-s-PA) As2 = detector solid angle (sr) I, = peak current (FA) zP = pulse time width (s) f = accelerator pulse repetition rate (Us)
The right-hand-side of Eqn. [ l ] can then be used to determine the required accelerator current once the deuteron energy, pulse width, and pulse repetition rate have been chosen. A typical time-of-flight system would have a flight path of 5 m, limiting f to 106/s (to avoid wrap-around), thus making R = 105/s. If the required spatial resolution inside the interrogated object is 2 cm, the detector size would be 4 cm if 0-7803-3053-6/96/$5 .OO O1996 IEEE the object is placed midway between source and detector. The required accelerator current as a function of deuteron energy is shown in Table 1 for transmission through 3 cm of RI)X high explosive. While lower deuteron energies would lead to a smaller accelerator and thus smaller system footprint, the declining neutron yield means that more current is required. 
PULSED FAST-NEUTRON ANALYSIS
This technique uses nsec pulses of monoenergetic neutrons produced by accelerating deuterons onto a deuterium gas target. The neutron beam is scanned vertically across the cargo container by a movable collimator. Scanning along the length of the container is accomplished by moving the container horizontally. Depth information is obtained using time-of-flight between the accelerator pulse and the arrival of a gamma ray in NaI detectors located outside the container. Since the neutrons produced have velocities of about 4 c d n s , the accelerator pulse must be at most a few ns if the voxel depth (thickness) is to be about 10 cm. The 4.44-MeV gamma from the first excited state in IZC and the 6.13-MeV gamma ray from the second excited state in I6O are used to generate a qualifier that indicates the presence of contraband.
The signal obtained from this technique depends sensitively on the incident neutron energy used, as can be seen in Fig. 1 . Neutron energies greater than 6.5 MeV are required to detect l 6 0 , with the optimum energy being between 8.2 and 8.25 MeV (requiring a deuteron energy of about 5.0 MeV). However, since the inelastic scattering cross sections vary rapidly in this energy range, the energy stability of the accelerator and the pulse-forming network which generates the nsec-width pulses must create an energy variation of less than 10 keV. This is the same as Eqn. 1, with the factor { S , Qy}<Ty> added to account for the production and transport of gamma rays. We used the radiation transport code MCNP [6] to calculate the 12C and l60 gamma signals from a cargo container loaded with sugar at a density of 0.5 g/cm3 with and without a ball of cocaine with radius 25 cm centered 75 cm from the front face. The count rates as a function of time are shown in Figure 2 , and the count rates at the front of the sphere are given in Table 2 . The actual count rates are obtained by multiplying the data in Table 2 by the estimated neutron source rates. For an average beam current of 100 PA, and a beam energy of 5.5 MeV, the number of neutrons incident on the region defined by the cocaine ball is 2.5'10'0.AQ,.<q>. Assuming that the ball occupies a solid angle of 0.023 sr and that the gamma-ray detection efficiency is 0.2, one calculates count rates of 57 and 33 cps for the C and 0 lines in sugar, and 72 and 15 cps for the C and 0 lines in cocaine.
The required number of counts to detect the difference in the C/O ratios in sugar and cocaine will depend on the background and on the accuracy to which we need to know the ratio. If we assume a signal-to-background ratio of 1, and a 20% accuracy in determining the C/O ratio, then we will need approximately 300 counts in the %(n,n2) peak for the cocaine case. This implies a counting time of 300115 = 20 s. 
IV. 14-MeV NEUTRON INTERROGATION
In this technique 14-MeV neutrons are produced by a sealed-tube (d,t) source. Collimators generate a fan-shaped neutron beam that illuminates a vertical slice of the cargo container. The horizontal position is varied by moving the cargo container. The vertical position and depth of the voxel are also defined by collimators, behind which are located the gamma-ray detectors. The neutron source is operated in a pulsed mode with each pulse lasting several tens of microseconds. The inelastic 4.44-MeV and 6.13-MeV gamma rays from carbon and oxygen are detected during the active portion of each pulse. Prompt activation gamma rays characteristic of chlorine and nitrogen PGNAA -Prompt Gamma Neutron Activation Analysis) and capture gamma rays from hydrogen (DGNAA -Delayed Gamma Neutron Activation Analysis) are detected between pulses.
The same analysis that was applied to PFNA in Section I11 can be used for 14-MeV interrogation. While the source neutrons have slightly greater penetrability, the gamma ray signals are lower because the inelastic scattering cross sections are lower, about 0.2 bn for 12C(n,nl) and 0.1 bn for 160(n,n2). These cross sections are flat in this energy region. The neutron source rates for these types of (d,t) tubes are presently limited to approximately 8. lo9 n/s/sr in the forward direction, which is lower than the 1.9.10'o n/s/sr assumed for PFNA. These tubes have the advantage of sizeand cost compared to a S-MeV accelerator. A major disadvantage is their limited lifetime.
V. SUMMARY
The accelerator requirements for FNTS &e determined primarily by detector count rates and not by fundamental accelerator limits. The main requirement for accelerator designers is to reduce size and cost. For PFNA and 14-MeV neutron interrogation methods, the gamma-ray count rates are directly proportional to the accelerator current. These techniques could make use of increased accelerator current.
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